Turnip yellow mosaic virus (TYMV), a positive-strand RNA virus belonging to the alphavirus-like supergroup, encodes its nonstructural replication proteins as a 206K precursor with domains indicative of methyltransferase (MT), proteinase (PRO), NTPase/helicase (HEL), and polymerase (POL) activities. Subsequent processing of 206K generates a 66K protein encompassing the POL domain and uncharacterized 115K and 85K proteins. Here, we demonstrate that TYMV proteinase mediates an additional cleavage between the PRO and HEL domains of the polyprotein, generating the 115K protein and a 42K protein encompassing the HEL domain that can be detected in plant cells using a specific antiserum. Deletion and substitution mutagenesis experiments and sequence comparisons indicate that the scissile bond is located between residues Ser879 and Gln880. The 85K protein is generated by a host proteinase and is likely to result from nonspecific proteolytic degradation occurring during protein sample extraction or analysis. We also report that TYMV proteinase has the ability to process substrates in trans in vivo. Finally, we examined the processing of the 206K protein containing native, mutated, or shuffled cleavage sites and analyzed the effects of cleavage mutations on viral infectivity and RNA synthesis by performing reverse-genetics experiments. We present evidence that PRO/HEL cleavage is critical for productive virus infection and that the impaired infectivity of PRO/HEL cleavage mutants is due mainly to defective synthesis of positive-strand RNA.
Many positive-strand RNA viruses produce their replication proteins as polyprotein precursors that are subsequently cleaved to generate functional viral gene products. Such proteolytic-processing events allow the expression of multiple intermediate products that may perform various functions in viral replication, possibly distinct from those performed by mature products, thus providing additional ways of regulating the viral multiplication cycle (37, 45) . Understanding the proteolytic-processing pathways of viral polyprotein precursors can thus help decipher the molecular processes directing the assembly, function, and regulation of viral replication machineries.
Here, we address this question by studying the proteolytic processing of the replication polyprotein of Turnip yellow mosaic virus (TYMV), the type member of the genus Tymovirus. TYMV is a spherical plant virus that shares replication features with other positive-strand RNA viruses in the alphaviruslike supergroup (14, 21) and has proven useful in the study of fundamental aspects of viral multiplication (10) .
The two extensively overlapping open reading frames (ORFs) encoded by the 6.3-kb genomic RNA ( Fig. 1 ) produce a 69K protein that serves as the viral movement protein and RNA interference suppressor and a 206-kDa precursor protein (206K) that is the only viral protein necessary for replication (10) . Viral replication is initiated by the synthesis of a negativestrand RNA complementary to the genomic positive-strand RNA, which in turn serves as a template for the synthesis of new positive-strand genomic RNA and of a subgenomic RNA that allows expression of the 20-kDa viral coat protein (CP).
Compared with alphaviruses, little is known about the processing of the TYMV 206K protein and the role of such processing, if any, in the regulation of replication.
The 206K protein contains sequence domains indicative of methyltransferase (MT), proteinase (PRO), NTPase/helicase (HEL), and RNA-dependent RNA polymerase (POL) activities, as well as an ϳ200-amino-acid (aa)-long proline-rich region (PRR) that may constitute a hinge between the MT and PRO domains (Fig. 1) . The PRO domain, which is characterized by a Cys783-His869 catalytic dyad, belongs to the subgroup of viral papain-like proteases (2, 40, 41) . Previous in vitro studies have demonstrated its involvement in the cleavage of 206K between residues 1259 and 1260, leading to the synthesis of an N-terminal product of 140 kDa (140K) containing the MT, PRR, PRO, and HEL domains and a C-terminal 66-kDa protein (66K) encompassing the POL domain (4, 20, 34) (Fig. 1) .
This HEL/POL cleavage has been demonstrated to be functional in vivo (39) and appears to be essential for viral replication (2) . However, while 66K is readily detected in infected samples using specific antibodies (39) , only trace amounts of 140K are detected in infected cells using an antibody raised against the PRR domain (hereafter called anti-PRR) (18) (Fig.  1) . Instead, two shorter products of 115 and 85 kDa, referred to as 115K and 85K, respectively, are detected in infected cells (18) , suggesting that the 140K protein may be further processed in vivo. The 115K protein is of particular interest because it has long been known to be a major component of the purified TYMV replicase (6, 36) .
The goal of the present work was to study the remaining cleavages occurring in vivo in the TYMV nonstructural polyprotein using a transient expression system in plant cells and specific antisera and to determine whether these cleavage events are es-sential for viral infectivity. Here, we demonstrate that the TYMV proteinase mediates one additional cleavage within the 206K polyprotein, generating 115K and a product encompassing the HEL domain. Using reverse-genetics experiments, we also report that processing at the novel cleavage site is critical for viral infectivity.
MATERIALS AND METHODS
Plasmid construction. All DNA manipulations were performed using standard techniques (1, 42) . The full-length TYMV cDNA clone E17, which produces infectious transcripts, and its derivative E17-stop⌬, in which the 206K is truncated at aa 1259, have been described previously (11, 38) . Plant expression vectors were derived from p⍀-206K, p⍀-140K, or p⍀-66K (18, 38) . Mutations were introduced by PCR-mediated site-directed mutagenesis or by subcloning of restriction fragments. The overall structures of all plasmids were confirmed by restriction analysis, and the sequences of PCR-generated DNA fragments were confirmed by DNA sequencing. When proteins are truncated, the encoded amino acids are indicated within parentheses in the plasmid name. Primer sequences and cloning details will be made available on request.
Preparation and transfection of Arabidopsis protoplasts. Protoplasts of Arabidopsis thaliana were prepared as described previously (18, 19) and transfected with 5 g expression vector or capped in vitro transcripts generated from linearized DNA templates as described previously (11) .
Protein extraction, SDS-PAGE, antibodies, and immunodetection analyses. Total-protein extraction from protoplasts, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and immunodetection using anti-66K, anti-CP, or anti-140K (anti-PRR) antibodies were performed as described previously (18, 19, 39) .
The polyclonal anti-HEL antiserum raised against the TYMV HEL domain was obtained by injecting rabbits with a mixture of two synthetic peptides (aa 1079 to 1093 and aa 1245 to 1259) conjugated to keyhole limpet hemocyanin. Peptide synthesis, coupling, immunization, and affinity purification of antibodies were performed by Eurogentec (Belgium) according to standard double-XP protocols. For detection of the TYMV HEL domain, proteins were separated by 10% SDS-PAGE and subjected to immunodetection with antibodies purified against peptide 1245-1259 (hereafter called anti-HEL), used at a 1/200 dilution.
RNA extraction and Northern blot hybridization. Total RNA extraction from protoplasts, agarose-formaldehyde electrophoresis, blotting, hybridization with TYMV strand-specific riboprobes, and signal quantitation were performed as previously described (5, 19) .
Fluorescence microscopy. Fluorescence microscopy of transfected protoplasts and image acquisition were performed as previously described (18, 38) .
Sequence analysis. Alignment of primary sequences for replication proteins of tymoviruses was performed using ClustalW (47) 
RESULTS
The viral proteinase generates 115K, but not 85K. Immunodetection using anti-PRR antiserum has previously shown that 115K and 85K proteins are readily detected in infected cells (18) (Fig. 2 , lane 2) and that these products derive exclusively from the 140K protein, as both could be detected upon transfection of Arabidopsis protoplasts with the p⍀-140K vector, which expresses the TYMV 140K protein (18) (Fig. 2, lane  3) . These data suggested the occurrence of at least two additional cleavages within the 140K protein.
To determine whether these cleavage events require an active viral proteinase or whether the responsible proteolytic activity is of cellular origin, the expression vector p⍀-140K-C783S, which encodes a 140K protein debilitated in its proteolytic activity due to a point mutation in the proteinase active site (41) , was transfected into Arabidopsis protoplasts. Upon immunodetection of protein extracts with anti-PRR (Fig. 2 , lane 4), we observed that such a mutation was detrimental to the accumulation of 115K, with the 140K unprocessed protein being detected instead, while the 85K product was produced in amounts comparable to that expressed by the p⍀-140K expression vector (lane 3). This result indicates that the 115K protein results from the proteolytic activity of the viral proteinase whereas the 85K product does not.
The 115K and 85K proteins correspond to N-terminal cleavage products of 140K. To determine whether the 115K and 85K proteins correspond to N-or C-terminal cleavage products of 140K, Arabidopsis protoplasts were transfected with the expression vectors p⍀-EGFP-140K and p⍀-140K-EGFP, which encode the 140K protein fused at its N or C terminus, respectively, to enhanced green fluorescent protein (EGFP). Upon immunodetection of protein extracts with anti-PRR, we observed that p⍀-140K-EGFP gave rise to products identical in size to 115K and 85K (Fig. 2, lane 6) , whereas p⍀-EGFP-140K led to the expression of slower-migrating products whose estimated molecular masses were consistent with that expected for the fusion of EGFP to 85K and 115K proteins (Fig. 2, lane  7 ). This result indicates that both the 115K and 85K proteins correspond to N-terminal cleavage products of the 140K protein and that the cleavage sites are located downstream of the PRR. Deletion mapping of the cleavage sites. To locate the cleavage sites leading to the appearance of 115K and 85K products, a series of constructs encoding C-terminally truncated 140K derivatives were transfected into Arabidopsis protoplasts and the corresponding protein extracts were analyzed by immunoblotting using anti-PRR (Fig. 3A) . From the electrophoretic mobilities of the encoded proteins and comparison with the 115K and 85K products derived from the full-length 140K protein (lanes 6 and 13), the cleavage site giving rise to the 115K protein was mapped to between residues 868 and 887, whereas the 85K product, which contains several subspecies with similar mobilities, appeared to be generated by a cleavage(s) located between residues 686 and 719.
These observations indicate that the 85K protein carries the MT and PRR domains, while the 115K protein results from a cleavage between the PRO and HEL domains and encompasses the MT, PRR, and PRO domains (Fig. 3B) .
Fine mapping of the 115K cleavage site. As the 115K protein is generated by a cleavage between the PRO and HEL domains (Fig. 3 ) mediated by the viral proteinase (Fig. 2) , we examined the corresponding region of the 140K protein for the presence of a potential viral papain-like proteinase cleavage site. Based on sequence alignments and similarities with the previously identified HEL/POL cleavage site between aa 1259 and 1260 (4, 20) , a serine-glutamine dipeptide corresponding to aa 879 and 880 of the 206K ORF was identified as a potential PRO/HEL cleavage site (Fig. 4A ). Processing at this site would result in the production of cleavage products in perfect agreement with those observed (Fig. 3) .
To test the above prediction, mutagenesis of the putative PRO/HEL site was conducted. To this end, alanine or glycine substitutions spanning residues 874 to 886 of the 140K protein (positions P6 to PЈ6 relative to the predicted cleavage site, according to the nomenclature of Schechter and Berger [43] ) were introduced into the expression vector p⍀-140K (Fig. 4B , left). The corresponding mutant proteins were transiently expressed in Arabidopsis protoplasts, and cleavage of the 140K protein was assessed by immunodetection with anti-PRR ( Substitutions of aa 874 to 879 (P6 to P1) strongly inhibited PRO/HEL processing, as the 140K protein was detected in place of the 115K protein (Fig. 4C, lanes 2 and 3) . In contrast, substitutions at positions 880 to 885 (PЈ1 to PЈ6) had less influence on the PRO/HEL cleavage, with the 115K protein being the major product detected (Fig. 4C , lanes 4 and 5). These results are strikingly similar to those observed for the corresponding HEL/POL mutants affecting P6 to P1 and PЈ1 to PЈ6 (Fig. 4C , lanes 7 to 10). Taken together, the sequence analyses and experimental data strongly support the identification of Ser-879/Gln-880 as the probable PRO/HEL cleavage site in the TYMV 140K.
In vivo analyses of the cleavages generating 85K and 115K. To determine whether the cleavages giving rise to the 85K and 115K proteins occur in vivo in intact cells or whether the appearance of these proteins is the result of nonspecific degradation processes during extraction or analysis, we took advantage of the fact that the 140K protein is targeted to chloroplasts in vivo (38) and that determinants of chloroplast targeting are located within its N-terminal region (18; I. Jupin, unpublished data). We therefore constructed the expression vectors p⍀-140K(1-719)-EGFP and p⍀-140K(1-886)-EGFP, which encode fusion proteins in which the green fluorescent protein (GFP) moiety is located downstream of the mapped cleavage sequences (Fig. 5A ). We reasoned that cleavage at the predicted sites would release the GFP moiety, which would thus become cytoplasmic, whereas in the absence of processing, it would remain fused to the N terminus of the 140K protein and would retain its chloroplastic distribution.
Upon transfection of Arabidopsis protoplasts with the corresponding expression vectors, the green fluorescence of the GFP moiety allows monitoring of its subcellular distribution by fluorescence microscopy in living cells, while the simultaneous observation of chlorophyll red autofluorescence permits detection of the chloroplasts. As shown in chloroplasts, indicating that the fusion protein is targeted to the chloroplasts. This result therefore demonstrates that the cleavage between aa 686 and 719 does not occur in vivo and that the 85K protein is likely to result from nonspecific proteolytic degradation occurring during protein sample extraction or analysis.
In contrast, when the EGFP moiety was placed downstream of residue 886 of the 140K protein, a diffuse fluorescence characteristic of cytosoluble GFP was observed throughout the cells (Fig. 5B , iv to vi), demonstrating that the cleavage event leading to the 115K occurred in vivo. This processing was inhibited when the 874AAA mutation, shown above to inhibit the PRO/HEL cleavage, was introduced in the p⍀-140K(1-886)-874AAA-EGFP construct, as the corresponding protein then retained its chloroplastic distribution (Fig. 5B, vii to ix) . These findings therefore demonstrate that the PRO/HEL cleavage that generates the 115K protein indeed takes place in vivo at the predicted site.
Detection of the viral helicase in infected cells. To detect the C-terminal cleavage product, i.e., the viral polypeptide encompassing the HEL domain, polyclonal antibodies were raised against synthetic peptides derived from the helicase amino acid sequence. The resulting antibodies (anti-HEL) were affinity purified and then used in immunoblotting experiments. As shown in Fig. 6 , an immunoreactive protein with an apparent molecular mass of ϳ42 kDa (42K) was specifically detected in protein extracts of TYMV-infected plant and protoplast samples (lanes 1 to 6), providing the first evidence for the existence of a mature product encompassing the HEL domain in TYMV-infected samples. Its observed molecular mass is consistent with that expected to result from processing at residue 880 (42,145 Da). As expected, this 42K product was detected and was found to derive exclusively from the 140K protein, as it was also detected upon transfection of Arabidopsis protoplasts with the p⍀-140K vector (lane 8). Transfection of the expression vectors p⍀-140K-C783S and p⍀-140K-874AAA, in which the PRO/HEL cleavage is abolished either by mutation of the proteinase or by mutation of the cleavage site, respectively, led to immunodetection of the 140K protein in place of the 42K protein (lanes 9 and 10), providing further confirmation that PRO/HEL processing takes place in vivo at the predicted site. PRO/HEL and HEL/POL cleavage sequences can be processed in trans in plant cells. Based on previous in vitro cotranslational assays, the processing of 206K was suggested to occur only in cis (2, 3, 41) . To evaluate the ability of the TYMV proteinase produced in vivo to function in trans, the expression plasmids p⍀-206K-C783S (encoding the 206K protein lacking proteinase activity but retaining the cleavage sites to serve as a substrate) and p⍀-140K(1-879) (encoding the viral 115K protein to serve as a protease) were transfected into Arabidopsis protoplasts. Processing at the PRO/HEL and HEL/POL cleavage sites of the 206K substrate was assayed by immunoblotting of the corresponding protein samples using anti-PRR and anti-66K antibodies, respectively (Fig. 7) . As shown in lanes 3 and 7, the 115K protein encoded by p⍀-140K(1-879) was capable of processing in trans both the PRO/HEL and HEL/POL cleavage sites, as evidenced by the disappearance of the 206K precursor and the immunodetection of the mature 115K and 66K products. As expected, trans cleavage of the substrate was inhibited upon mutation of the catalytic C783 residue of the proteinase encoded by p⍀-140K(1-879)-C783S (lanes 4 and 8) . These experiments therefore demonstrate that the TYMV proteinase has the ability to process substrates in trans when expressed in plant cells.
Effects of cleavage site mutations on proteolytic processing of 206K. To uncouple the effects of position and amino acid sequence on 206K processing, we tested the ability of the TYMV proteinase to recognize cleavage sites located at different positions within the 206K protein. To this end, expression vectors were constructed in which the PRO/HEL and HEL/POL cleavage sites were mutated or substituted for each other. Upon transfection into Arabidopsis protoplasts, the effects of the introduced mutations on processing of the 206K protein were assayed by immunoblotting of the corresponding protein extracts using anti-PRR or anti-66K antisera (Fig. 8) .
First, p⍀-206K-(A/S2), a derivative of the p⍀-206K expres- sion vector, was constructed, in which the P6-PЈ1 residues of the PRO/HEL cleavage site (KRLLGS/Q) were replaced by seven alanine residues (Fig. 8A) . As expected, this substitution inhibited PRO/HEL processing, as evidenced by immunodetection of the 140K protein instead of the 115K protein (Fig.  8B, lane 2) . Processing at the HEL/POL cleavage site was unaffected, as evidenced by immunodetection of the 66K protein (lane 7), demonstrating that HEL/POL processing can occur independently of cleavage at the upstream site. When the alanine residues at the PRO/HEL junction were replaced by aa P6 to PЈ1 of the HEL/POL cleavage site (PKLNGA/T) in the p⍀-206K-(2xS2) expression vector, efficient processing was restored (lane 3), demonstrating that the two cleavage sequences are interchangeable at the PRO/HEL junction.
Conversely, p⍀-206K-(S1/A) was constructed, in which the P6-PЈ1 residues of the HEL/POL cleavage site were replaced by seven alanine residues, which resulted, as expected, in the inhibition of processing at the HEL/POL site (lane 9). Cleavage at the PRO/HEL site was not affected (lane 4), indicating that it can occur independently of processing at the downstream site. Efficient cleavage at the HEL/POL junction was restored when the alanine residues were replaced with aa P6 to PЈ1 of the PRO/HEL site (KRLLGS/Q) in the p⍀-206K-(2xS1) expression vector (lane 10), demonstrating that the two cleavage sequences are also interchangeable at the HEL/POL junction.
These results, therefore, demonstrate that the PRO/HEL and HEL/POL cleavage sequences can be efficiently processed when exchanged within the 206K precursor. Effects of cleavage site mutations on viral infectivity. Viral proteinase catalytic activity has previously been reported to be essential for viral replication (2). Thus, we next wanted to determine whether mutations or substitutions of the cleavage sites affected viral infectivity. For this purpose, the mutations shown in Fig. 8 were introduced into plasmid E17 (11), which contains a full-length copy of the TYMV genome and from which infectious viral transcripts can be obtained. Plasmids E17-(A/S2), E17-(2xS2), E17-(S1/A), and E17-(2xS1) were thus obtained, as well as plasmid E17-C783S, which encodes a disabled proteinase (Fig. 9A) . Equal amounts of in vitro transcripts were transfected into Arabidopsis protoplasts, and viral infectivity was assessed by detecting accumulation of CP by Western blotting (Fig. 9B) .
Mutation of the viral proteinase in E17-C783S (lane 2) and impairment of the HEL/POL cleavage in E17-(S1/A) (lane 5) both completely abolished accumulation of CP, confirming that proteinase activity and/or HEL/POL processing are essential for viral infectivity, consistent with previous reports (2) . Impairment of the PRO/HEL cleavage in E17-(A/S2) resulted (Fig. 9B, lane 3) . These defects were partially restored when cleavage sites were reintroduced into the 206K protein, as in mutants E17-(2xS1) and E17-(2xS2) (Fig. 9B, lanes 4 and 6) . These data therefore indicate that the uncleaved 140K protein may be at least partially functional during viral multiplication but that processing at the PRO/HEL cleavage site plays a critical role in viral infectivity.
To confirm this finding, and to ensure that the defect in viral infectivity of the E17-(A/S2) mutant was caused by the lack of 140K processing rather than being due to the amino acid changes at the PRO/HEL junction, a complementary approach, based on the use of proteinase mutants, was undertaken. In the E17-C783S construct, the proteinase is debilitated by a point mutation and is therefore unable to process either the PRO/HEL or HEL/POL junction. As the HEL/POL cleavage event is essential, the putative contribution of the PRO/HEL cleavage to viral infectivity cannot be assessed with this construct. To circumvent this problem, we made use of construct E17-stop⌬ (38) (Fig. 9A) . Transcripts derived from this construct do not express the 66K protein and cannot replicate, but they can be trans-complemented by the 66K protein expressed from the p⍀-66K expression vector (38) (Fig. 9B,  lanes 7 and 8) , alleviating the need for the HEL/POL cleavage event. We then constructed the plasmid E17-stop⌬-C783S, with disabled proteinase, and assessed the abilities of the corresponding transcripts to be trans-complemented by p⍀-66K. We reasoned that a decreased efficiency of complementation would reflect a defect in viral infectivity due to the lack of processing at the PRO/HEL site. Indeed, we observed that complementation of E17-stop⌬-C783S transcripts by p⍀-66K was reduced fivefold compared to complementation of E17-stop⌬ transcripts (compare lanes 8 and 10), confirming the contribution to viral infectivity of processing at the PRO/HEL site.
Effects of cleavage site mutations on RNA synthesis. As the reduction in viral infectivity due to defects in 206K cleavages presumably occurs at the level of viral RNA synthesis, we next used strand-specific Northern blotting experiments to examine the abilities of the cleavage mutant viruses to synthesize plusand minus-strand RNA species (Fig. 10) . Consistent with the results described above, duplication of the cleavage sites in the E17(2xS1) and E17(2xS2) viral RNA mutants had only a minor impact on the accumulation of plusand minus-strand RNAs compared to the levels obtained during a wild-type infection (Fig. 10, lanes 3 and 5) . In contrast, E17-(A/S2) (impaired in PRO/HEL cleavage) was severely affected, with plus-strand RNAs accumulating ϳ50-fold less than in a wild-type infection. Interestingly, the synthesis of minus-strand RNA was much less affected, with a reduction of only 2.5-fold, indicating that impairment of the PRO/HEL cleavage differentially affects synthesis of plus-and minusstrand RNA species.
This observation was confirmed by results obtained upon trans-complementation of E17-stop⌬-C783S mutant transcripts with p⍀-66K compared to trans-complementation of E17-stop⌬ transcripts (Fig. 10, lanes 7 and 9) ; again, a more severe reduction in plus-than in minus-strand RNA synthesis was observed. Taken together, these results show that inhibition of PRO/HEL processing has more impact on the accumulation of plus-strand RNAs than on minus-strand RNAs, and they support the hypothesis that the PRO/HEL cleavage plays a critical role in the regulation of synthesis of viral RNA during the infectious cycle.
DISCUSSION
Characterization of the 85K and 115K products. The TYMV 206K replication protein is proteolytically processed in vitro and in vivo to release the C-terminal 66K protein encompassing the POL domain (39) . However, its processing pathway remained incompletely understood, as only trace amounts of the N-terminal 140K product were detected in vivo (18) . Instead, two products of 115K and 85K were detected, whose origins were unclear. The goal of the present study was to complete the TYMV 206K cleavage map.
Using a viral proteinase mutant, we observed that the occurrence of the 85K protein relied on a host proteinase activity (Fig. 2) . However, it is likely that this processing event does not occur in vivo, as evidenced by the absence of cleavage in intact cells (Fig. 5) . Given that its C-terminal boundary is located between residues 686 and 719 (Fig. 3) , i.e., just downstream of the PRR, which is predicted to be an intrinsically unfolded region (12, 28) and thus is known to display extremely high sensitivity to protease digestion in vitro (13), we conclude that the 85K protein results from a nonspecific degradation process occurring during sample extraction and protein analysis. Consistent with this conclusion was the observation that the amounts and electrophoretic profiles of the 85K product are highly variable from sample to sample (Fig. 4C) (5, 18) .
On the other hand, the cleavage event generating the 115K product was demonstrated to occur in vivo (Fig. 5) and to be dependent on TYMV proteinase activity (Fig. 2) , indicating that the 206K precursor is processed at an additional cleavage site. Based on the electrophoretic mobilities of deletion derivatives (Fig. 3) , sequence comparisons (Fig. 4A) , and mutagenesis studies ( Fig. 4B and C) , the Ser879-Gln880 dipeptide bond was defined as the site most likely cleaved by TYMV proteinase to release the N-terminal 115K protein carrying the MT, PRR, and PRO domains and the C-terminal 42K protein encompassing the HEL domain. This hypothesis was further supported by the detection in infected samples of the C-terminal 42K cleavage product, production of which was prevented by mutagenesis of the proposed cleavage site (Fig. 6) . Taken together, our theoretical analysis and experimental data strongly support the identification of Ser879-Gln880 as the probable PRO/HEL cleavage site within the TYMV 206K protein.
The expected molecular masses of the proteins released upon cleavage between Ser879 and Gln880 can be calculated: whereas the C-terminal helicase protein has a calculated molecular mass of 42,145 Da, consistent with that observed experimentally, the N-terminal protein has a calculated molecular mass of 98,404 Da. The reason for the difference between the observed (115-kDa) and the expected (98-kDa) molecular masses is not clear, but it may be related to the presence of the intrinsically unfolded PRR region (17) . The reason why the 115K protein was detected as a double band is also not presently known.
We will henceforth refer to the 206K-processing scheme as generating three products: the N-terminal 98K containing the MT, PRR, and PRO domains; the 42K corresponding to the HEL domain; and the 66K encompassing the POL domain (see Fig. 12 ). We believe that the cleavage map within the TYMV replication protein is now complete, as no additional cleavage products of the EGFP-98K fusion protein could be detected (Fig. 2) and antibodies raised against the MT and the PRO domains also led to detection of the 98K protein (A. Jakubiec and I. Jupin, unpublished data).
Differences between cell-free and in vivo systems. Previous experiments using various cell-free translation systems programmed with TYMV RNA demonstrated the occurrence of the HEL/POL cleavage in vitro (35, 49) . Although a product of 120 kDa has also been detected in some instances (35, 49) , it is unlikely to correspond to the 98K protein described here, as the 140K protein was the only product detected with the anti-PRR antibody upon translation of TYMV RNA in reticulocyte lysate (18) , thus indicating that processing at the PRO/HEL site does not occur in this in vitro translation assay.
Another unexpected finding was the determination of the ability of TYMV proteinase to cleave in trans when expressed in vivo, as demonstrated in Fig. 7 , because such trans-cleavage was not detected in cell-free assays (2, 3, 41) and proteinase activity was thought to be limited to cis processing. Our experiments, however, clearly demonstrated that the TYMV proteinase is able to process substrates in trans, as previously reported for other members of the alphavirus-like supergroup with whom TYMV shares evolutionary relationships, such as the rubivirus rubella virus (RUB) and the alphaviruses Sindbis virus (SIN) and Semliki Forest virus (16, 29, 33) . Based on its ability to cleave both in cis and in trans at multiple sites and its location in the central region of the 206K polyprotein, the TYMV PRO domain can be classified as belonging to the main, or M, group of viral papain-like cysteine proteases (15) .
The reasons for the observed differences between cell-free translations and in vivo transient-expression assays are unclear, but they may result from differences in active protease concentrations or from the contribution of cellular cofactors and/or the presence of the whole-cell environment. In this respect, it should be pointed out that the TYMV 140K and 98K proteins are membrane-bound proteins that are targeted to the chloroplast envelope in plant cells (18, 38) (Fig. 5) , and it is conceivable that membrane association may influence the folding of Analysis of the cleavage sites. Sequence alignments around the TYMV 206K PRO/HEL and HEL/POL cleavage sites revealed strong similarity between the sites, as residues P7, P4, P2, and P2Ј to P4Ј were identical and residues P5 and P1 were similar, occupied by basic residues and residues with a short side chain, respectively (Fig. 4A) . Indeed, analysis of the processing of 206K derivatives demonstrated that the two cleavage sequences can be efficiently processed when substituted for each other within the 206K precursor (Fig. 8B) . Whether TYMV proteinase displays a cleavage site preference could not be assessed from analysis of the processing of 206K derivatives, as cleavage at each site could occur independently of the other (Fig. 8B) . Further studies are required to establish whether such a preference may exist during viral infection and, if so, what its molecular basis might be.
Mutagenesis experiments revealed that the residues most sensitive to substitution are located upstream of the cleavage sites (positions P6 to P1) ( Fig. 4B and C) , consistent with previous reports regarding cellular and viral papain-like cysteine proteases, such as cathepsin and foot-and-mouth disease virus or Semliki Forest virus protease (22, 23, 30) . The mechanism of cleavage site recognition for TYMV proteinase is unknown, and pursuing the definition of the molecular determinants of its substrate specificity will require further mutagenesis studies.
Alignment of the polyproteins encoded by members of the genus Tymovirus revealed that the junctions between the homologous PRO, HEL, and POL domains are not well conserved. Nevertheless, each tymovirus examined was found to have a potential counterpart for these cleavage sites (Fig. 11) , suggesting that processing of the polyprotein precursor into three mature products may constitute a conserved feature among tymoviruses. The most uniform feature of these sites is the presence of amino acids with a short side chain (Gly, Ala, or Ser) in the P2 and P1 positions, consistent with results obtained for rubivirus and alphavirus cleavage sites (7, 30) . Positions P5 and P4 were occupied almost exclusively by basic (Lys and Arg) and hydrophobic (Leu, Ile, or Phe) residues, respectively, except in Erysimum latent virus, which appears to be particularly divergent among tymoviruses.
Strikingly, the residues located downstream of the cleavage site appeared rather conserved at the PRO/HEL junction but showed little conservation at the HEL/POL junction, suggesting that conservation of the HEL N-terminal sequences reflects other functional requirements, rather than proteinase substrate specificity determinants. Like alphavirus proteinases, tymovirus proteinase can apparently accommodate a wide variety of residues in the P1Ј position, including amino acids with bulky side chains (30, 45) .
Related papain-like proteinases are also encoded by maculaviruses and marafiviruses, the other genera constituting the family Tymoviridae, and by some members of the phylogenetically related family Flexiviridae (31, 32, 39) . Although it can be speculated that all these tymo-like PRO domains may share common biochemical and biological features, such a comparison awaits further experimental data.
Processing and regulation of viral replication. Processing of nonstructural proteins allows the precursor protein or partially processed intermediates to perform functions that are distinct from those of the mature cleavage products. This provides a means to temporally regulate the course of viral infection by changing the ratio of polyprotein to mature products and has been reported to be essential for the replication of several RNA viruses, including rubiviruses and alphaviruses (25) (26) (27) 44) .
To examine the importance of 206K protein processing in TYMV replication, reverse-genetics experiments were performed. Our results (Fig. 9 and 10) confirmed that processing at the HEL/POL junction is absolutely required for TYMV infectivity, as the TYMV HEL/POL mutant was unable to accumulate plus-and minus-strand RNAs. This observation suggests that the HEL/POL cleavage is required to activate one of the catalytic activities carried out by the 206K protein (i.e., polymerase or helicase), which may not be functional when embedded in the precursor protein. Such a cleavagedependent activation of the polymerase function has been reported for poliovirus (46) , and future crystallographic studies may help to determine whether the TYMV polymerase relies on a similar process to adopt an active replication-competent conformation.
On the other hand, processing at the PRO/HEL junction was not essential for viral replication but appeared to contribute to the regulation of viral RNA synthesis, as a TYMV PRO/HEL mutant had more severe defects in plus-rather than minus-strand RNA synthesis ( Fig. 9 and 10 ). This suggests that different cleavage events lead to different patterns of RNA synthesis and emphasizes the importance of an accurate proteolytic-processing scheme in virus replication.
Based on previous studies and our current work, we propose that TYMV RNA replication is regulated as follows (Fig. 12) . After its release into the cytoplasm, the genomic RNA is translated into the 206K protein. Cleavage at the HEL/POL junction is believed to occur rapidly in cis, which would lead to the production of a complex consisting of 140K and 66K capable of minus-strand RNA synthesis (Fig. 10) . Later in the infection, as the concentration of the 140K increases and/or due to a conformational change induced by its recruitment to chloroplast envelope membranes, the PRO domain becomes capable of trans-cleavage at the PRO/HEL junction, generating the 98K and 42K proteins. The replication complex is then rearranged into a stable form making plus-strand genomic and subgenomic RNAs. Several steps in this process remain to be demonstrated, and further studies addressing these issues are required.
Evolutionary relationship with members of the alphaviruslike supergroup of RNA viruses. The results obtained in this study allow a comparative analysis of the strategies used for nonstructural-protein expression and regulation of viral replication among togaviruses (comprising alphaviruses and rubiviruses) and tymoviruses, which are animal-or plant-infecting members of the alphavirus-like supergroup, respectively (Fig. 12) .
As in tymoviruses, togavirus nonstructural proteins are encoded in the form of a polyprotein containing MT, PRO, HEL, and POL functional domains, as well as an X domain with unknown function. Remarkably, the orders of these functional domains are similar in tymoviruses and rubiviruses but differ from that of alphaviruses, most likely because of genetic rearrangement (9) .
In the case of SIN alphavirus, the P1234 precursor contains three cleavage sites and generates four mature products (nsP1 to nsP4) and a number of intermediates (8) . Many studies have demonstrated that the temporal regulation of nonstructuralprotein processing controls the synthesis of the different RNA species. According to current data (25, 44) , uncleaved P1234 is not functional, and a first cleavage at the 3/4 site is required to generate an early replication complex (P123 and nsP4), synthesizing only minus-strand RNA. Upon further cleavage of P123 at the 1/2 site, an intermediate complex (nsP1, P23, and nsP4) is formed, capable of both minus-and plus-strand genomic-RNA synthesis. Upon final cleavage at the 2/3 site, minus-strand synthesis ceases and plus-strand genomic and subgenomic RNAs are generated by a stable complex comprising the four mature products.
In the RUB rubivirus, the situation is much simpler, and only a single cleavage site has been reported (48) . The uncleaved P200 precursor is functional and capable of minusstrand synthesis, whereas its cleavage at the PRO/HEL junction plays a critical role in switching the replication complex to synthesis of plus-strand RNA and inhibition of minus-strand synthesis (26, 27) .
It thus appears that TYMV occupies an intermediate position, in terms of both genome organization and complexity of the regulation process. A common feature among all three genera is the fact that a cleavage event immediately downstream of the PRO domain is required for switching the replication complex from minus-to plus-strand RNA synthesis. Whether, in the case of TYMV, this cleavage also shuts off synthesis of minus-strand RNA, as reported in togaviruses, is presently unknown. TYMV also shares with alphaviruses the facts that the unprocessed precursor is not functional and that there is an absolute requirement for release of the POL domain to initiate RNA synthesis, in contrast to rubiviruses, whose uncleaved precursor is functional in minus-strand RNA synthesis (24, 26, 27) . Finally, one regulatory step that appears specific for alphaviruses relates to the differential synthesis of genomic and subgenomic RNAs promoted by cleavage at the 2/3 site. The mechanisms upon which TYMV and RUB rely for this process are still unknown.
Remarkably, our findings highlight strong similarities between animal-and plant-infecting members of the alphaviruslike supergroup of positive-strand RNA viruses. They also emphasize the importance of the conformational flexibility of viral proteins in the regulation of viral replication, as a change in template specificity or activation of the polymerase is likely to arise from differences in the conformations of the proteins induced by cleavage. Knowledge of the structural characteristics of the various intermediate cleavage products and comparison with those of the final mature products would thus be of great interest, given that those processes are shared by all positive-strand RNA viruses. We are grateful to L. van Dinten, B. Deiman, and C. W. A. Pleij (Leiden University) for the initial suggestion of the PRO/HEL cleavage site and to S. Pflieger and H. Rothnie for comments on the manuscript. Special thanks are due to C.J. for constant encouragement.
